The structures of the ( 100) surfaces of silicon and germanium generally have been interpreted in a static manner in the past. We present molecular dynamics (MD) simulations that show these surfaces to consist of a mixture of rapidly interconverting buckled and unbuckled dimers. Over a time average, the surface is found to have long p( 2 X 1) rows of symmetric, unbuckled dimers, as seen in recent scanning tunneling microscopy images of silicon. However, higher order unit cells are observed in He scattering and low energy electron diffraction experiments at low temperatures. We present a dynamical interpretation of the structure to explain both sets of observations. The simulations have been performed on different size slabs at both constant energy and constant temperature utilizing a new method for effective removal of heat from an exothermic system while retaining the correct dynamics. Several different interaction potentials were analyzed in an attempt to find the most realistic one for simulations of these surfaces. The effect of surface defects and annealing were also investigated. The surface phonon densities of states were calculated and for Si( 100) are in good agreement with experiments and other theoretical treatments. Such simulations and structural analyses are reported for the first time for Ge( 100).
The structures of the ( 100) surfaces of silicon and germanium generally have been interpreted in a static manner in the past. We present molecular dynamics (MD) simulations that show these surfaces to consist of a mixture of rapidly interconverting buckled and unbuckled dimers. Over a time average, the surface is found to have long p( 2 X 1) rows of symmetric, unbuckled dimers, as seen in recent scanning tunneling microscopy images of silicon. However, higher order unit cells are observed in He scattering and low energy electron diffraction experiments at low temperatures. We present a dynamical interpretation of the structure to explain both sets of observations. The simulations have been performed on different size slabs at both constant energy and constant temperature utilizing a new method for effective removal of heat from an exothermic system while retaining the correct dynamics. Several different interaction potentials were analyzed in an attempt to find the most realistic one for simulations of these surfaces. The effect of surface defects and annealing were also investigated. The surface phonon densities of states were calculated and for Si( 100) are in good agreement with experiments and other theoretical treatments. Such simulations and structural analyses are reported for the first time for Ge( 100).
I. INTRODUCTION
Although the surfaces of Si( 100) and Ge( 100) have been extensively investigated experimentally and theoretically, their structures remain controversial. When a silicon or germanium crystal is cut along the ( 100) plane, the atoms at the surface are each left with two dangling bonds. The atoms on and near the surface rearrange into a lower energy "reconstructed" structure. The primary feature of this surface that is generally accepted is the presence of rows of dimers, created when neighboring surface atoms bond together, as depicted schematically in Fig. 1 . Low-energy electron-diffraction (LEED) '-' and He diffraction measurements*-'0 indicate that at least three local symmetries exist: the primary pattern is p(2x l), with minor domains of c (4 X 2) andp( 2 X 2) symmetries also observed. As the temperature of the sample is decreased, the quarter order beams, interpreted as being due to a c( 4 x 2) unit cell, grow into discernable spots. ' l-l3 The c( 4 X 2) and p( 2 X 2) patterns are more readily observed on the Ge( 100) surface at room temperature.3 These unit cell symmetries have been ascribed by various LEED I-V3-' analyses to a variety of dimer configurations: symmetric (atoms equally displaced from bulk positions), buckled (tilted with respect to the surface), unbuckled (often refered to as symmetric in the literature), and/or laterally twisted, leaving the structure of each type of domain unsettled. Ion scattering (ISS) experiments '"'6 also suggest dimerization, but do not resolve the buckling issue.
Angle-resolved ultraviolet photoemission ( ARUPS) spectra for silicon17*L8 indicate two surface states near the Fermi level, one thought to be associated with the Si dimer bond and one ascribed to a filled dangling bond, involving only one of the Si atoms in the dimer (perhaps caused by charge transfer from the lower to the upper Si atom of a buckled dimer ) . I8 However, recent high resolution x-ray photoemission (XPS) measurements" have determined that both atoms of the dimer contribute equally to the surface-shifted core levels. This suggests that buckled dimers with negligible charge transfer or unbuckled dimers are responsible for the photoemission, instead of polar, buckled dimers. The interaction potential employed in the present study [the widely used Stillinger-Weber (SW) two-and three-body potential" ] does not allow charge transfer, yet . . xx GG? 'W' The bulk-terminated structure has two dangling bonds (db's) per Si atom (shown as $-hybrid orbitals coupled by the line between them), while the dimerized structure has one db per Si, since one db on each Si is used to form the Si-Si bond of the dimer. (b) Rows of dimerizing atoms form the p( 2 X 1) surface structure. (c) Buckled dimers either in or out of phase with adjacent dimer rows create p( 2 X 2) and c( 4 X 2) surface unit cells.
our molecular dynamics (MD) simulations indicate the presence of buckled dimers. Thus buckling appears independent of charge transfer. Scanning tunnelling microscopy (STM) images21-23 of silicon indicate that defect-free regions are composed of ordered rows of symmetric, unbuckled dimers [p( 2 X 1) symmetry], while zig-zag patterns ofp(2~2) or ~(4x2) symmetry only exist next to large defects (many missing atoms) or monatomic steps. The c( 4~ 2) andp( 2 x 2) regions have been ascribed to buckled dimers, in which dimers in adjacent rows are buckled either in phase [p( 2 X 2) ] or out of phase [c(4X2)],asseeninFig.
l(c).TheSTMimagessuggested unbuckled dimers exist on perfect surfaces, while defects may promote formation of buckled dimers. STM images of germanium" are less conclusive than those of silicon. The images exhibit the zig-zag patterns thought to be indicative of c( 4 X 2) unit cells on the defect-free regions of the surface, however, a LEED analysis of the surface did not reveal the quarter order spots which should be present if the surface did reconstruct into a ~(4x2) pattern.
Theoretical studies have been ineffective in resolving the controversy. Quantum mechanical calculations for Si( 100) have predicted both unbuckled25-27 and buckled28-31 dimers as the lowest energy structures. Steepest descent minimization to 0 K for a variety of empirical potentials of silicon find p(2~ 1) rows of symmetric, unbuckled dimers.32*33 Finite temperature constant energy MD3' for Si( 100) also found onlyp( 2 X 1) unbuckled dimers. Finally, a theoretical model has been put forth to attempt to explain the c(4~ 2) to p( 2 X 1) transition observed by LEED.35*36 This model assumes that all of the dimers are buckled, in which case the problem can be easily mapped onto an Ising lattice model. However, no theoretical models have thus far been able to explain all of the experimental structural data, until our preliminary report on Si( 100) reconstruction using constant energy MD. " We now present constant temperature MD simulations for Si( 100) reconstruction and extend this approach to the first theoretical characterization of the Ge( 100) surface.
II. THEORETICAL METHOD
The model surface consisted of a slab with 72 atoms per layer with periodic boundary conditions imposed in the plane of the surface. Increasing the number of atoms per layer beyond 72 had no effect on the structure or dynamics observed. We studied the dynamics as a function of slab thickness, by examining slabs of either five or nine layers, with the bottom layer held fixed in lattice sites to represent the bulk. The equations of motion were integrated using the Verlet algorithm with a time step of 0.23 fs. Initial velocities were chosen from a Boltzmann distribution corresponding to the desired initial temperature. Three initial temperatures for the crystal were used: 100, 298, and 500 K, in order to explore the temperature dependence of the crystal structure.
While our preliminary simulations37 were performed in the microcanonical ensemble (constant number of particles N, volume V, and total energy E) on both five and nine layer slabs of Si( 100)) subsequent simulations were performed at constant temperature on a nine-layer slab to more closely mimic experimental conditions. A constant temperature was maintained by using constant energy dynamics on the top four layers while the canonical ensemble (constant iV, V, and 7-9 dynamics of NOS~~~ were used on the lower four layers. Although the Nose method recreates a canonical distribution, the dynamics of the system are changed by the nature of the method, which adds an extra degree of freedom to the system that represents a heat bath. This allows heat to flow to and from the system, thus allowing it to reach thermal equilibrium. The equations of motion are then integrated including this additional variable resulting in an algorithm for a constant temperature integrator.39 This additional variable can also be viewed as a time scaling variable, which is why the dynamics are not necessarily correct. Our method of coupling the two types of dynamics allows for the heat to be dissipated from the upper layers into the lower layers and out of the system, while still providing correct dynamics and time-dependent properties on the surface under study.
The empirical potential of Stillinger and Weber (SW), originally developed to study condensed phases of silicon,*' was used to represent the SiSi interactions. The SW potential consists of two-and three-body terms with a total of seven parameters. Although the potential was not specifically designed for surfaces, several studies have indicated that it does indeed predict reasonable structures for the ( 100) surface,32'33 even though it is inappropriate for the ( 111) surfacew [i.e., it does not favor the complicated (7 x 7) reconstruction seen experimentally J. This potential was also selected because it yields the best phonon dispersion curves of all of the recent silicon potentials. This will be important when we are studying phenomena involving only small differences in energy ( vide infa 1.
We did investigate two other potentials as possible candidates for simulations. In particular, we looked at the Brenner-Garrison ( BG ) " and the Tersoff II (T2) 42 many-body silicon potentials. We examined the behavior of these potentials upon bond stretching and bending distortions. The BG potential dissociates bonds properly; however a spurious minimum exists at a 55" bond angle that is lower in energy than the minimum at the tetrahedral ( 109") angle. The SW potential shows no such extra minima at unusual bond angles. The T2 potential exhibits even more disturbing behavior, caused by the use of a switching function that brings the interaction potential to zero within a reasonably short interatomic distance (a necessity if a potential is to be used in simulations). The potential is very steep in the range of this function (2.7 to 3.0 A) which leads to very large forces in this region (about five times larger than for the potential without the switching function) (see Fig. 2 ). Thus any atoms venturing within 3 A of each other are rapidly (and artificially) accelerated towards one another, which may lead to unphysical trajectories. It also creates an artificial barrier to breaking the Si-Si dimer bond. Zhang and Metiu43 examined this problem with regard to recent MD simulations of epitaxial growth on Si ( 100) (which requires "unreconstruction" of the surface) using the T2 potential compared with simulations using the SW potential. The switching function can not be easily modified to be smooth- er, because then one is no longer assured that diamond remains the lowest energy structure predicted for silicon. Thus while the Tersoff II potential seems suited to studies where the atoms are close to their equilibrium positions in the lattice, as in the T = 0 K simulations of Khor and Das Sarma,33 it is probably not a good choice for nonequilibrium studies. By contrast, the SW potential has no spurious minima and dissociates properly, i.e., it exhibits smooth, physically realistic forces in the region where Si-Si bonds are formed and broken. Thus all MD results discussed below utilize the SW potential. The germanium-germanium interactions were modelled using a reparametrized form of the SW potential.& The potential yields reasonable predictions for thermodynamic properties and phonon dispersion relations for crystalline germanium.
III. RESULTS AND DISCUSSION

A. Dynamics of reconstruction
Since the silicon or germanium crystal reconstructs immediately upon being cut, no experimental techniques have observed the reconstruction process as yet. However, by using MD simulations, the path that the crystal follows during reconstruction can be followed. The individual atoms on the surface move around near their equilibrium positions until two of them come close enough to bond, resulting in formation of a dimer. We find that the barrier to dimerization predicted by the SW potential is approximately 0.03 eV (i.e., =: kB T for room temperature) for Si and 0.05 eV for Ge, in the presence of a rigid background (i.e., where all atoms but the two incipient dimer atoms are held fixed). If cooperative motion of neighboring atoms exists, it is likely to eliminate this barrier completely. Once a single dimer forms, it distorts the subsurface layer of atoms, pulling them slightly towards each other so that the neighboring surface atoms also dimerize. This "zipper" process continues until two growing rows meet. If both are on the same row they join to form one long row, while if the growing rows are offset, both stop growing and isolated atoms may remain on the surface (see Fig. 3 ).
We find that the reconstruction occurs faster at higher temperatures, with a reconstruction time of -2 ps at 500 K compared with -3 ps at 298 K for Si and -9 ps at 500 K vs -12 ps at 298 K for Ge, where the reconstruction time is defined as the time required for all atoms that are able to dimerize in our unit cell to do so. The shorter reconstruction time at higher temperatures is because the atoms are moving faster so that they can more easily overcome any barriers to dimerization, and therefore they more rapidly approach a neighboring atom to form a bond. The longer reconstruction time for germanium can be rationalized by the fact that the barrier to dimerization is somewhat higher than that for silicon, as mentioned earlier. Since many dimers form at once in random locations on the surface, the rows are shorter at higher temperature, with more isolated atoms observed, as seen in Fig. 4 . We also find that the time for reconstruction varies with the thickness of the slab, as presented previously. " In particular, slabs of only five layers showed significant (several picoseconds) induction periods at Tinif = 100 K for a number of trajectories, while thicker slabs or higher initial temperatures eliminated such induction periods where no dimers had formed. This is consistent with Lampinen et aL3' who found that with less than four layers no reconstruction occurred at all for silicon when using the SW potential. Thus it seems that atom-atom correlations exist that extend deeper than four layers. High energy ion scattering experiments on Ge (Ref. 45) indicate that at least three layers have large displacements ( > 0.12 A). Our simulations of germanium at room temperature were in good agreement with this result, as we found that the average displacement for each of the first three layers was > 0.10 A. These distortions continue through all of the layers, though they monotonically decrease with depth into the crystal, as depicted in Table I .
In the constant energy (NVE) simulations, the kinetic energy must increase as the potential energy drops, which raises the temperature of the crystal dramatically. For example, a nine layer Si slab prepared at an initial temperature of 298 K heats up to 480 K, because of the exothermic nature of the reconstruction. However, this phenomenon is an artifact of the simulation, in the sense that the actual temperature of a crystal surface in an experiment can be held constant to within a few degrees. As the slab heats up during the simulated reconstruction, the number of defects (i.e., isolated atoms) and broken dimer rows increase. Thus NVE simulations yield dynamics and structures that are peculiar to such constant energy calculations. We have therefore carried out Note that as the black atoms in the upper right dimerize, they induce their neighbors to do the same. After 10 ps, the structure is that of the T= 298 K NVT simulation of Fig. 4 . nonequilibrium dynamics in which we have coupled the bottom layers of the slab to a heat bath, in order to allow effective heat dissipation. In particular, we allowed the four top layers to propagate under "real" dynamics (NVE) while the fifth through eighth layers were coupled to a heat bath via the Nose constant temperature method (NVT) .38*39
The reconstruction dynamics and surface structure were quite different when the slab was coupled to a heat bath. This combined NVE/NVT method proved to be extremely effective at removing heat generated by the reconstruction process. Thus the crystals simulated with the NVEAWT method generated more ordered structures (i.e., longer dimer rows and fewer isolated atoms), due to the consistently lower temperature of the slab while it reconstructed (Fig. 4) . For example, the maximum number of dimers in a row for a crystal at Knit = 298 K essentially doubled (four vs nine within the unit cell), going from the NVE to the NVE/NVT simulations. Indeed, the dissipation of energy into the lower layers was found to occur very rapidly, allowing a nearly constant temperature to be maintained. The Tinlt = 298 K case for nine layers with a simulation time of 10 ps had a final temperature of 480 K in the NVE simulation while the final temperature was only 330 K when the NVE/NVT dynamics were used. In the NVE simulation, the kinetic energy increases during the simulation, while in the NVE/NVT simulations the kinetic energy remains relatively constant. Since temperature is an ensemble average of kinetic energy, it is clear that the NVE/NVT method keeps the temperature essentially constant. Thus as new Si-Si or Ge-Ge bonds are formed, the heat is carried away quickly, leading to a more ordered surface structure.
Equilibrium and dynamical structures
The equilibrium, time averaged structure of the reconstructed silicon and germanium ( 100) surfaces at finite temperatures was found to consist of a collection of dimers and isolated surface atoms. The dimers were symmetric and unbuckled. For silicon, the average dimer bond distance was 2.42 A, which is in reasonable agreement with both ISS (Rsisi = 2.36A) l6 andLEED (RsiWsi = 2.47b;)6 measurements. The average bond length for the germanium dimers is predicted to be 2.57 6;; no experimental estimates of this bond length have been reported. However, this 6% lengthening of the Ge-Ge dimer bond relative to the Si-Si dimer bond is consistent with the 4.2% lattice expansion for bulk Ge relative to bulk Si. The potential energy lowering per dimer formed was dependent on both the ordering of the surface and the temperature, with values ranging from 0.55 to 0.9 1 eV for silicon and 0.43 to 0.96 eV for germanium (see Table II ). Previous energy minimization studies that utilized the SW potential found dimer bond energies of 1.6 eV.32,33 Pseudopotential calculations on Si( 100) of Payne et a1.46 and Pandey26 predicted 2.02 and 2.06 eV. Our values are substantially less than the other calculations simply because vibrations and distortions reduce the potential energy lowering per dimer as the temperature increases from 0 K. The SW potential predicts that the structures involving buckled dimers with AZ = 0.4 A, where hz is the difference in the surface normal positions of both atoms in the dimer, are -0.25 eV/dimer higher in energy than the minimum energy unbuckled dimers. When the dimers are buckled by 0.2 A, then the increase in energy is -0.15 eV/dimer. Thus increased buckling motion (de infra) is partially responsible for the decrease in potential energy lowering as the crystal temperature is raised. These "equilibrium" structures we observe are most probably metastable equilibrium states formed in the first few picoseconds after the crystal is cut, since it is unlikely that many isolated atoms would exist on the surface for prolonged periods of time. In practice, the crystal is annealed to -1300 K in order to clean it; this process undoubtedly reorders the surface into very long dimer rows, as seen in STM images21wz3 In order to reach these structures via dynamical simulations from the metastable equilibria, one would have to simulate the annealing process over a prohibitively long time scale, since a collective surface rearrangement into long dimer rows without isolated atoms would be required.
Relatively short (tens of ps) high temperature ( 1500 K) simulations were performed to mimic the annealing process. We found that the dimers can indeed rearrange, by stretching a dimer bond at the end of a row of dimers, while a neighboring isolated atom moves close enough to form a weak bond. Eventually, this trimer breaks apart to form a new dimer which moves to its new equilibrium position (see Fig. 5 ). By this mechanism, the isolated atoms will then end up next to one another, at which time they will dimerize. The rate is extremely slow, with several hundred picoseconds probably required to completely remove all isolated atoms and form a perfect p(2 X 1) surface. Since we were con- cemed about the effect of structural disorder on the dynamical behavior, we also studied a surface where the atoms received initial displacements such that a perfect p(2X 1) surface was formed. We found most behavior to be relatively independent of the existence of isolated surface atoms.
At finite temperatures over a time average, we find that both the Si( 100) and Ge( 100) surfaces consist of unbuckled dimers, where we define an unbuckled dimer to have a difference in normal displacement ( Az) less than or equal to 0.1 A (approximately the resolution in LEED). Lampinen et ~1.~~ found a similar structure for Si( 100) in an earlier study. However, when the Si ( 100) or Ge( 100) surface is examined at any given instant, we see approximately half buckled and half unbuckled dimers. It turns out that the dimers are oscillating between being buckled and unbuckled,37 which had been suggested previously22*47 but had not been substantiated. Recent MD simulations4' for Si ( 100) involving a potential of a completely different functional form49 than that of SW have also found this dynamical buckling of the dimers, lending credence to the argument that this phenomenon is not simply an artifact of the potential. The oscillation is graphically depicted in Fig. 6 for two neighboring dimers, where it is obvious that the dimers would appear as unbuckled over a time average ( > 1.0 ps). The oscillations are not perfectly regular because of other motions of the dimers that interfere with the buckling. For example, a dimer bond stretching vibration occurs at a higher frequency than the buckling. The bond will not be able to stretch as easily when the dimer is buckled and hence the stretch interferes with the oscillations.
Additionally, the dimers tend to oscillate in a concerted fashion along the rows (see Fig. 6 )) whereby when one dimer is tilted to the left, its adjacent neighbor will be tilted to the right. Neighboring dimers are coupled via their shared second layer neighbor. In a static structure containing buckled dimers, the second layer atoms preferentially move away from the lower dimer atom and are pulled towards the upper dimer atom of a neighboring dimer (see Fig. 7 ). This in turn causes an alternating buckled structure to be the lowest energy buckled structure, by keeping all of the bond lengths ap- proximately equal, as discussed by Payne et aI.46 for static structures. In the dynamically buckling surface, we find that as one dimer buckles, it pushes or pulls its second layer neighbors, which concurrently push or pull the neighboring dimer (see Fig. 8 ). Thus the dimer row is always trying to stay alternately buckled even as the dimers are oscillating with time.
The existence of buckled dimers has been used to explain the observed c (4 X 2 ) and p ( 2 X 2) LEED patterns for Si( 100) and Ge( 100) by having two neighboring rows of dimers buckled in or out of phase with respect to each other [see Fig. 1 (c) 1. STM21-23 images of silicon at room temperature indicate that the surface generally consists of symmetric dimers with buckled dimers perhaps only near defects. However, at lower temperatures, LEED begins to resolve quarter-order spots that indicate the presence of a ~(4x2) unit cell." It is not clear what the nature of this transition is. Theoretical studies have predicted such a transition,35*36 although the transition was assumed to be between two phases of permanently buckled dimers. This conflicts with the STM data; thus the nature of the transition must differ from that previously predicted theoretically.
Our MD simulations on both Si( 100) and Ge( 100) indicate that a different mechanism is driving the transition. Under conditions where definite correlation exists between neighboring dimers, this can lead to rows of dimers that are buckled in an alternating fashion. When two neighboring rows happened to be buckled out of phase, the c(4~ 2) structure results. However, at high temperatures, the buckling becomes more chaotic and the correlations between dimers break down (see Fig. 9 ). Thus as the temperature is raised, the likelihood of enough neighboring dimers being correlated to form a c(4X 2) unit cell is greatly decreased, and hence LEED intensities of the quarter order spots should be faint or nonexistent. Thep( 2 x 1) unit cell is seen at high temperatures, but this can be explained by the fact that approximately half of the dimers are close to being unbuckled at any given time due to their oscillation, which in turn would lead to p ( 2 X 1) regions of unbuckled dimers as in Fig. l(b) . (b) (d) FIG. 5 . Instantaneous structures of the Si surface during high temperature annealing. Note the formation of trimers from dimers and isolated atoms followed by subsequent formation of new dimers in the upper right quadrant of the cell. The atoms undergoing this process are shown in black: (a) surface structure after rapid heating from 500 to 1500 K; (b) surface structure after 1.15 ps of annealing at 1500 K; (c) surface structure after 2.3 ps of annealing; and (d) surface structure after 4.6 ps of annealing.
Although there are a number of studies that demonstrate the same type of temperature dependence of LEED for Ge( 100)) only one report concerns STM of this surface. The STM data for Ge( 100) at room temperature, by Kubby et a1.24 exhibit the characteristic zig-zag pattern thought to indicate that at room temperature the surface consists of rows of alternately buckled dimers. However, when they examined the surface by LEED, they only saw the p( 2 x 1) pattern characteristic of unbuckled dimers, with no quarterorder spots observed. No explanation was provided to resolve this apparent conflict. Thus until more STM experiments are performed on Ge( 100)) we can only presume that it behaves in the same manner as silicon, which is what our simulations indicate.
At room temperature, the quarter-order spots in LEED are more readily seen when studying germanium rather than silicon surfaces3 In our T = 298 K simulations, we searched the surfaces for areas of instantaneous ~(4x2) structures. Since each electron in a LEED experiment probes the surface on a subfemtosecond time scale, this is instantaneous on our simulation time scale; i.e., LEED probes snapshots of the surface. Thus a LEED pattern will be a long-time sum of all of the instantaneous structures of the surface. We find approximately three times as many c(4x 2) regions on the germanium surface as on the silicon surface, consistent with experimental observations. This prediction of stronger correlation between the buckling dimers and their shared second layer neighbors in germanium may be due to the larger three-body forces in germanium that result in a stiffer angular-dependent potential. The larger three-body forces may be ascribed simply to the greater nonbonded repulsions between the larger germanium atoms relative to Si atoms. The stiffer three-body potential in turn can cause the second layer atoms to follow the surface dimer atoms more closely, leading to more ordered instantaneous structures.
In contrast to electron scattering experiments, where the instantaneous surface is probed, the STM observes a time-averaged surface, since the STM tip actually sits over each dimer for approximately 0.1 s. Thus we suggested that3' STM sees the dimer as unbuckled, since it probes the dimer for many orders of magnitude longer than the buckling oscillation time. Therefore, the observed structure of the Si ( 100) and Ge ( 100) surfaces is dependent on the time scale of the experimental probe. While subfemtosecond to femtosecond experiments such as LEED, He scattering, and photoemission will see the instantaneous structure of coexisting buckled and unbuckled dimers, STM will observe only unbuckled dimers.37 FIG. 7 . Large circles are surface atoms and small circles are second layer atoms. As one atom of a dimer buckles up (A, ) it pulls the second layer neighbor with it (shown by an arrow) which in turn pulls down an atom in a neighboring dimer (B, ), thus causing dimer B to buckle in the opposite direction. In addition to the buckling, several other dimer motions occur on the surface. These include a dimer bond vibration, as well as an oscillation of the center of mass of the dimer. A small lateral-twist of the dimer (twisting within the surface plane) is also observed, probably coupled to motion of the second layer neighbors. These collective motions lead to surface phonons. The calculated surface phonon densities of states at T = 298 K are seen in Fig. 10 . The spectra were calculated by Fourier transforming the three orthogonal displacements as a function of time for approximately 10% of the surface atoms and then averaging the resulting transforms. 5o The results for silicon are in good agreement with surface phonon dispersion calculations5' which predict an optical phonon mode at =: 2 1-25 meV. Inelastic He scattering experiments find modes at ~21-25 meV . In the silicon density of states shown in Fig. 10(a) , the modes at -15 meV are the result of three of the four previously mentioned motions, while the smaller peaks at -50 meV are caused by the higher vibrational frequency of the dimer bond stretching mode. The identification of each peak was achieved by Fourier transforming individual motions of the surface and comparing the resultant spectrum to the full spectrum. We also investigated the temperature dependence of the surface phonons, but found little change in the spectra over the range T = 100 to 500 K. The Ge( 100) surface modes shown in Fig. 10(b) are at somewhat lower frequencies than for Si( 100) because germanium atoms are heavier and the potential well is shallower and wider, and therefore, the oscillations are slower than for silicon. Again, the interaction potential for Ge is shallower and wider because of larger core-core repulsions between Ge atoms.
While it would be useful to study surface defects consisting of large sections of missing surface atoms, as seen in the STM images of Tromp ef uZ.,~'.~~ this is impractical in computer simulations, given the prohibitively large number of atoms required to represent a surface with such a large defect. We have, however, studied defects consisting of only a few silicon atoms missing, as seen in the STM images of Wiesendanger.23 When a small number of atoms ( < 20) are removed from the surface and near surface layers, we observe no noticeable change, beyond some relaxation, of the structure or behavior of the dimers. This is consistent with the STM images of Wiesendanger, where small surface defects did not cause permanently buckled dimers, in contrast to the inferred buckled structure at dimers near large defects seen in previous studies. atoms dimerize with neighbors in a random pattern, forming short rows of dimers. This reconstruction is a function of the temperature of the crystal, with lower temperature crystals producing more ordered structures. There are atom-atom correlations extending several layers into the bulk that are involved in the reconstruction. After this initial reconstruction, annealing to high temperature allows some dimer bonds to break and reform in neighboring rows to produce long p( 2 x 1) rows of dimers upon cooling. This provides a microscopic justification of the need to anneal Si crystals (aside from merely cleaning) in order to produce a wellordered surface.
The simulations indicate that the equilibrium structure of the Si( 100) and Ge( 100) surfaces can not be adequately explained by a single static structure. The surface consists of interconverting buckled and unbuckled dimers which at any instant contains approximately half buckled and half unbuckled dimers. These dynamically buckling dimers look unbuckled over times longer than a picosecond. Thus we suggest this dynamical structure is responsible for producing symmetric dimers images in long time scale experiments and mixtures of unbuckled and buckled dimers in short time scale experiments. Since the STM tip probes each dimer for approximately 0.1 s, it should (and does) only see a timeaveraged structure, i.e., a surface consisting of onlyp(2 X 1) rows of unbuckled dimers. He scattering or LEED, on the other hand, probe the instantaneous structure with each scattering event. These instantaneous events are then summed to obtain the resulting patterns. Thus the latter experiments see higher order unit cells which are caused by buckled dimers only observable on a short time scale.
We find a high degree of correlation in the phase of the buckling between the neighboring dimers along a row because of their shared subsurface neighbor. As temperature is increased, this correlation degrades as other motions of the atoms become more pronounced. This breakdown in the correlation causes the ~(4x2) and ~(2x2) structures to disappear at high temperatures, as observed in LEED.
Surface phonon densities of states were calculated for both Ge( 100) and Si( 100). The Si( 100) spectrum was in good agreement with both theoretical calculations and experimental results. The Ge( 100) surface properties and phonon spectrum have been calculated here for the first time.
An important point is that there is considerable debate about whether the true minimum energy configuration of these ( 100) surfaces consists of unbuckled or slightly buckled dimers, because the bottoms of most of the calculated potentials are so shallow. However, these very small energy differences between slightly buckled and unbuckled dimers are easily overcome by thermal motion, regardless of the nature of the true minimum. Therefore, if a different interaction potential were chosen in which the energy minimum placed the dimers in a slightly buckled configuration, the analysis and conclusions of this study would remain unaffected.
Finally, we point out that coupling of the constant energy Verlet algorithm with the Nose constant temperature method in different regions of the crystal allows heat to be effectively removed during an exothermic process, while still retaining correct dynamical behavior at the surface.
